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Summary
In agrosystem field experiments, earthworm inoculation did not impede
depletion of soil organic stocks in most cases, in spite of increased carbon
inputs through enhanced primary production. Slight evidence of soil organic
matter (SOM) protection was found in poody structured soil, such as a yam
plot in Ivory Coast (soil sieved before experimentation), and a pasture plot on
Martinique. Aggregation inherited from past earthworm activities probably
maintains SOM protection after earthworms have disappeared; longer term
experiments are necessary to observe C dynamics after the disappearance of
inherited earthworm structures.
In two experiments with maize in Ivory Coast and Peru, the activity of
earthworms led to a small increase in the incorporation oforganic matter from
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surface mulch in the SOM. Most of the Cincorporated into the SOM originated
from root material, and earthworm activities only slightly modified this
pattern. Earthworm activity had significant effects on the distribution of C
among particle size fractions. The general trend was a depletion of large
(> 50 llm) particles and an accumulation of small « 2 llm) particles.
Nutrient depletion in low-input cropping systems was not impeded by
earthworm activities; at Yurimaguas, however, sorne signs of a better conser-
vation of K were noted after 3 years in the traditional rotation.
Introduction
In the humid tropics, earthworms participating in soil processes are principally
endogeic. These earthworms generally are geophagous and interact directly
with SOM (Bouché. 1977; Lavelle, 1981; reviewed by Lee, 1985). They affect
soil by their feeding and mechanical activities. Earthworm activity creates
structures (casts and galleries) which modify soil aggregation, porosity and the
connectance among pores (Aina. 1984; Lee and Ladd. 1984; Blanchart et al.,
1990). However, high variability has been demonstrated in the effects ofdiffer-
ent earthworm species on soil aggregation, a major process whereby earth-
worms affect the dynamics of SOM. In contrast with many anecic earthworms.
geophagous earthworms do not always improve aeration of soil and infiltra-
tion of water; rather the activities of sorne species result in soil compaction and
increases in soil bulk density (Blanchart et al, 1997; see Chapter 4).
The effects of earthworms on SOM dynamics vary with the scales of time
and space over which they are considered. Chemical characteristics of fresh
and older casts differ from the non-ingested soil (Blanchart et al., Chapter 5).
Laboratory studies show that endogeic earthworms stimulate the mineral-
ization of SOM during digestion (Syers et al., 1979; Lavelle et al.. 1992).
In fresh casts. larger amounts of mineraI nutrients (e.g. nitrogen and
phosphorus) occur than in non-ingested soil (Barois et al., Chapter 3). On
the scale of months, mineralization of carbon was found to have ceased in
the ageing casts of Millsonill llnomlllil (Martin, 1991). However, most of
these results were observed under laboratory conditions; therefore, medium-
or large-scale experiments are necessary to understand the effect ofearthworm
inoculation on the time scale ofyears and the spatial scale of landscapes.
Six field experiments were conducted over 3-6 years in the tropics. includ-
ing sites in Africa, the Caribbean, Central and South America, in order to test
the hypothesis that introduction of adapted endogeic earthworms into low
external input agricultural systems reduces loss of SOM and plant nutrients
generally observed in such systems (Siband, 1972; Feller and Milleville, 1977;
Aweto et al., 1992) and stimulates plant growth. These effects result from the
modification of the dynamics of the SOM being ingested by earthworm. First,
more mineraI nitrogen and phosphorus becorne available in greater syn-
chrony with plant demand due to greater mineralization of SOM during
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digestion. Later, the SOM defecated wouId be protected in the compact struc-
ture ofcasts on the scale of months to years.
Research Approach
The data set collected as part of the Macrofauna programme comprises
experimental field plots inoculated with earthworms compared with non-
inoculated controls. The efIect of the introduction of earthworms on the
dynamics of soil organic matter was tested mainly in low-input cropping
systems of the humid tropics: Lamto (Ivory Coast), Yurimaguas (Peru),
La Mancha (Mexico) and in an intensive pasture: St Anne (Martinique,
French West Indies). The main characteristics of the sites, rainfall, soil type,
soil texture and natural vegetation are presented in Table 6.1. Medium-term
experiments were conducted at four sites for 2-6 years.
Low-input cropping systems
Natural ecosystems were cleared to establish 0.28-1.28 m2 experimental
areas enclosed in nylon mesh net or PVC sheets to a depth of 40 cm. Native
earthworms were eliminated either by application of a pesticide (Carbofuran)
with a short residence time in soil (Yurimaguas, Lamto), hand sorting of the
soil (Lamto) or soil tillage and hand sorting (La Mancha). Then, a population
of the selected species (M. anomala at Lamto and Pontoscolex coretlzrurus
at Yurimaguas and La Mancha) was introduced in selected treatments and
cultivation started. The biomasses of earthworms introduced into the micro-
plots were similar to those found in the nearby natural ecosystems. The earth-
worm populations were recovered after every cropping period, except for
the continuous maize plot at Yurimaguas (Table 6.1). In all plots (except
yam in Ivory Coast), above-ground crop residues were either applied as surface
litter or removed, resulting in a 2 x 2 factorial arrangement of treatments
(± earthworms x ± litter inputs). No chemical inputs were added (except in
the 6-year continuous maize crop at Yurimaguas where NPK fertilization was
added after the second year).
Pasture plot
The role of earthworms was also investigated in the restoration of a degraded
soil converted to pasture. At St Anne (Martinique, French West Indies), an
experimental plot (140 x 60 m) ofpangola grass pasture (Digitaria decwnbens)
was established on a soil following 15 years of continuous market gardening
cultivation. One year after the sowing of D. decwnbens, two subplots 5 x 10 m
Table 6.1. Characteristics of the experimental stations and the experimental plots; analyses done in the different places are indicated with
an x.
Martinique
Mexico Peru (West Indies) Ivory Coast
Continuous Crop rotation Continuous Pasture
maize maize + rice + maize (Digitaria Continuous yam Continuous maize
(Zea mays) cowpea + rice (3) (Zea mays) decumbens) (Diascorea alata) (Zea mays)
Rainfall (mm) 1345 2100 2100 1300 1200 1200
Soil taxa3 Psamment Typic paleudult Typic paleudult Vertisol Ultisol Ultisol n
Sand (%) 74.4 55 55 10 78.1 87.6 :s
Silt (%) 8.6 22 22 30-40 17.0 8.5 iii=:JllJ
Clay (%) 16.0 23 23 50-60 6.0 4.7 rii
la
Vegetation before experiment Weed fallow Secondary forest Secondary forest Market Guinean savanna Secondary forest Il>
gardening
Experiment duration (years) 3 3 6 2.5 3 3
Cropping cycles (numbers) 6 6 6 3 6
Introduced earthworm species P. corethrurus P. corethrurus P. corethrurus P. elongata M. anomala M. anomala
Chemical inputs 0 0 NPK fertilization 0 0 0
Crop residues Exported or left Exported or left Left Left Exported or left
Final earthworm populations Contamination Maintenance Not sampled Maintenance Still present but Still present but
of control lower abundance lower abundance
than introduced than introduced
C content x x x x x
C physical fractionation x x x x
l3e labelling x x
N content x x x x x
.."
Potential of N mineralization x ~l')
Other nutrients Gl'x x x S·
~
0:
~
References Patron et al. Pashanasi et al. Charpentier Blanchart Gilot (1997) Gilot (1994) "t:lCl)
(unpublished (1996) (1996) et al. §.
data) (unpublished Cl):J
data) ~
t.f>
a By USDA classification system. ê""0.>g.
:J
li>
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were separated and two treatments initiated, one which reduced earthworm
colonization by applying carbofuran, and another was reinoculated with
Polypheretima elongata at a rate of90 ind m-l . Changes in SOM were observed
during 3 years after the inoculation.
Analyses
The difTerent analyses for each plot are summarized in Table 6.1. The efTects of
earthworms on soil organic carbon were studied at three levels: changes in the
stocks of soil organic carbon (or changes in the C content) with time; rates of
incorporation of fresh organic matter in the SOM using BC labelling (Mariotti,
1991); and changes in the distribution of the organic carbon associated with
particle size fractions (Gavinelli et al., 1995). Nitrogen was the most studied
nutrient; changes in the nitrogen stocks (or nitrogen content) of the soil were
analysed focusing on the earthworm efTects.
In the discussion, conditions in which earthworms had affected the SOM
and nutrient contents are analysed, and the management required to optimize
the positive effect of the earthworm activities are discussed.
Changes in Soil Organic Matter, Nitrogen and Other Nutrient
Contents
Changes of carbon stocks during the cultivation period
Changes in carbon stocks were investigated in the maize plot at Lamto in the
0-10 and 10-20 cm strata (Fig. 6.1a). Soil bulk density and C contents were
measured at each date for the two treatments.
ACter 3 years ofmaize cultivation (six cropping cycles) at Lamto, the stock
of Cin the upper 10 cm of soil had decreased significantly from 1.64 kg m-l to
1.14 and 1.23 kg m-l in the control and inoculated treatments, respectively
(Fig. 6.1a). The soil C lost after 3 years of cropping represented, on average,
28% of the initial C. The difference between the two treatments was not signifi-
cant at any date. In the 10-20 cm depth strata, the decrease of the C
stock during the experiment was not significant and no difference between
inoculated treatment and control was measured.
At Yurimaguas, aCter 3 years of crop rotation, Cstock in the upper 10 cm
of the soil had decreased by 7 and 10%, respectively, in control and in systems
inoculated with earthworms (significant decrease in C contents) (Fig. 6.1b).
Although systems with earthworms tended to have more C from the second
cropping cycle, no difTerence betwccn treatments was observed at the end of
the experiment.
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(a) C stock in the maize plot of Lamto in the G-l0 end 10-20 cm strata
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Fig. 6.1. Changes in the soi1organic carbon (stocks or contents) in the different
plots during 3 years of the experiment. Inoculated treatments are compared with
control: significant differences are indicated on the graphs (bars =standard errors;
5*, significant differences between treatments, P < 0.10; s, P < 0.05). EW-: without
earthworms, EW+: with earthworm inoculation. (Adapted from Gilot, 1994;
Pashanasi et al., 1997; Blanchart, unpublished data; Patron et al., unpublished
data.)
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One of the efIects of earthworm activity in the rotation plot at Yurimaguas
and in the maize plot at Lamto was a significant average increase in soil bulk
density of 8 and 5%, respectively, in average from the first cropping period to
the last one. In the other four plots, the soil bulk density was not measured in
the difTerent treatments for each date, so Cstocks were not calculated.
At La Mancha, the total C content fluctuated during the 3 years of crop-
ping. The C loss after 3 years (0-10 cm) was not significant but represented
12% of the initial C; no difTerences were observed between inoculated treat-
ment and control in the Ccontents (Fig. 6.1c).1t was not possible to distinguish
treatment efTects at La Mancha after the first year because the control plots
were colonized by P. elongata from adjacent treatments.
In the yam plot at Lamto, the carbon content in the soil (0-10 cm)
decreased significantly by 25% after 3 years ofyam cultivation (Fig. 6.1d). The
activity of earthworms reduced this loss by 6% in 3 years, but the difTerence
was not highly significant (0.05 < P < 0.10). In the deeper strata, C content
had decreased by 29% after 3 years in the non-inoculated control; no signifi-
cant difTerence between treatments remained at the end of the experiment. At
the second harvest, a higher Ccontent (6.5%) was observed in the inoculated
treatment(0.05 < P < 0.10).
At St Anne. pasture establishment on a degraded soil resulted in a SOM
increase, after 30 months, C content of soil increased significantly by 12%
in the control in the 0-20 cm strata but not in the 20-40 cm strata. After
2.5 years from the inoculation of earthworms, C content increased to
21.0 g kg-1 in the upper 20 cm in inoculated treatments, whereas it reached
17.8 g kg-1 in the control (Fig. 6.1e); P. elongata activities induced a significant
increase of over 15% compared with the control. The increase in C content
in the presence of earthworms was also significant in the 20-40 strata
30 months after inoculation.
Incorporation of fresh organic matter into the soil organic matter
At Lamto and Yurimaguas, the medium-term dynamics of SOM have been
investigated through changes in the BC/llC ratio induced by vegetation
changes from Cl to C4 photosynthetic pathways, particularly maize cultivation
(C4 ) after forest (Cl) clearing (Balesdent et al., 1987; Mariottt 1991). This
natural labelling of SOM by the BC/llC ratio enabled the calculation of the
final soil C that derived from the maize (roots and crop residues). The efTect of
earthworm activity on the incorporation offresh organic matter into the SOM
was measured. Isotopie analyses were done on composite samples with no
replicates.
After 3 years of continuous maize cultivation at Lamto, the C derived
from maize incorporated into the 0-10 cm stratum represented from 0.10 to
0.15 kg C m-1 (6.4-10.3% ofthe totalsoil Cin the 0-10 cm stratum), depend-
ingon the treatment (Fig. 6.2) (Gilot etaI., 1995). Thequantity offresh organic
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Fig. 6.2. Soil carbon budget (0-10 cm) in the continuous maize plot at Lamto
after 3 years of cultivation (EW-: without earthworms, EW+: with earthworm
inoculation). C-C3: C of the original forest soil; C-C4: C of fresh maize input.
(Adapted from Gilot et al, 1995.)
matter incorporated into the soil when the crop residues were returned as
surface mulch were higher than when they were removed. The increase of
24 g Cm-1 of C-e4 incorporated into the SOM between EW-M+1 and EW-M-
represented 20% of the C-C4 incorporated into EW-M+, while the increase of
53 g C m-1 between EW+M- and EW+M+ represented 36% of the C-C4 incor-
porated into EW+M+. Even when crop residues were left on the soil surface,
the main part of the Cfrom the maize that was incorporated into the SOM origi-
nated from the root system. Most of the C from the mulch was mineralized;
only 2.9-6.2% of the C from the mulch became incorporated into the SOM.
The contribution of plant roots to SOM is comparable with other data from the
1 EW-M- (without earthworms, without mulch); EW-M+ (without earthworms, with mulch);
EW+M- (with earthworms, without mulch); EW+M+ (with earthworms, with mulch).
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literature, indicating that 5-20% of the photosynthesized C was found as a
residue in the soil (Hetier et al.,1980; Merckx et al., 1986). The use of maize
stover as an organic input resulted in a soil carbon sequestration efficiency of
3%. Millsonia anomala activities had no consequent efIect on the incorporation
of the Cfrom maize in the SOM in the absence ofa mulch. However, there was a
higher incorporation of the C-C4 from mulch into the SOM in the presence of
earthworrns; a supplement of 24 g C m-1 (Le. an increase of 20% compared
with the control) was incorporated into the SOM in the inoculated treatments.
It had already been observed that M. anomala is unable to utilize crop residues
on the soil surface in an efficient manner (Gilot, 1994).
When maize was cultivated continuously at Yurimaguas, the C stock
decreased by 15% (mean ofthe two earthworm treatments) over 6 years to a
depth of 30 cm. The measured quantity of C-e4 incorporated into SOM was
greater at Yurimaguas than at Lamto due to the longer duration ofexperiment
and deeper sampling of the soil. After 6 years of continuous maize cropping,
C4-C incorporated into the SOM represented 8.3% of the soil organic C stock
from 0-30 cm depth in the inoculated treatment (Fig. 6.3). This retention of
maize litter resulted in addition of 0.25 kg C m-1 into the SOM, representing
11.1% of the measured maize input (root biomass at harvest + mulch)
(Charpentier, 1996). In the non-inoculated control, only 0.18 kg C-C4 m-1
from the maize was incorporated into the SOM in the upper 30 cm, represent-
ing 6.2% oftotal soil C. Total C-C4 incorporated into the soil represented 8.9%
of measured C input (Le. roots at harvest + stover, but not exudates or roots
decomposed before harvest).
C stock % C-C4 Incorporation rate
Relative C lost at year 6 incorporated Organic of the maize
in 6 years (0-30 cm) in SOM inputs (roots + mulch)
(JJ 88 C-C4w::> 2.69 ;~.1ë 1'.7.kg Crn·'Cl EW- 18% 6.2%ëii (mulch) --7 8.9%wII:a.
2.87 kg C m-2 :::: 0.21 (roots)0
II:
Ü
u.
1 2.' 1+1
0 1'98'OC rn'(!) EW+ 12% 8.3% (mulch) --7 11.1 %z
l
ü :::: 0.29 (roots)
....l
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:E
Fig. 6.3. Soil carbon budget (0-30 cm) in the continuous maize plot at
Yurimaguas after 6 years of cultivation (EW-: without earthworms, EW+: with
earthworm inoculation). C-C3: C of the original forest soil, C-C4 : C of fresh maize
input. (Adapted from Charpentier, 1996.)
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In both sites, the activity of earthworms led to a small increase in the
incorporation of fresh organic matter into the SOM when crop residues were
left on the soil. Most of the C incorporated into SOM originated from root
material, and earthworm activities only slightly modified this pattern.
Changes in carbon distribution among particle size fractions
Physical fractionation of organic matter allowed the separation of different
pools of soil organic matter (Feller, 1994) into plant debris (> 20 flm), the
organo-silt complex (2-20 flm) and the organo-clay compartment « 2 flm).
This method was used to characterize the SOM at Lamto, Yurimaguas (contin-
uous maize plot) and St Anne, and to identify the effects of earthworms on the
distribution of Cbetween fractions.
The recovery of total C using this method varied from 96 to 101%, with a
mean value of99.5% for the 13 treatments. The cumulative carbon content of
the fractions ranged from 93 to 103% (except for Yurimaguas, treatment
EW-: 88%). Dispersion of silt and clay fractions was satisfactory in most treat-
ments, except at Yurimaguas.
In the yam plot at Lamto, the slightly higher amount of C in inoculated
treatments did not appear to be closely linked to a specific fraction of SOM
(Gilot, 1997). However, the C remaining in the 2-20 flm fraction at the end
of the experiment tended to be higher in the inoculated treatment than in
the control (Fig. 6.4a). Before cropping, the savanna soil at Lamto had
a high proportion (> 75%) of C contained in the finer fractions « 20 flm);
the absolute value of the C of these fractions decreased with cropping but the
proportion increased up to 81% in the non-inoculated soil and 87% in treat-
ment with earthworms. Due to land cultivation, the highest relative decrease
(percentage initial C) was measured in the fractions> 50 flm.
In the maize plot of Lamto (after forest clearing), reduction of the C stock
following land clearing resulted from the disappearance of the coarse fractions
(50-200 flm and 200-2000 flm), which represented 53% of the carbon at the
onset of cropping but only 31% after 3 years of cropping (Fig. 6.4b). The
decrease of C present in coarse fractions was higher in the presence of earth-
worms (60% of the coarse fractions disappeared after 3 years) than in their
absence (50%). These losses ofC due to the earthworrn activity in the coarse
fractions were slightly lower when fresh crop residues were left in the field than
when they were removed following harvest (Gilot et al., 1995).
After 6 years ofcontinuous maize cultivation at Yurimaguas, reduction of
the Cstock following land clearing was due to a decrease of the Ccontained in
ail fractions> 20 flm. As in the maize plot after forest clearing at Lamto, earth-
worm activity induced a decrease of the C contained in the coarse fractions
(> 50 flm) (Fig. 6.4c).
At St Anne, the distribution of the total C was not measured at the
onset of the experiment; rather the effect of the earthworm inoculation after
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2 years was compared (Fig. 6.4d). The increase of total C content of the soil
in inoculated treatment was not linked to the increase in C in a particular
fraction: the Ccontent increased in both coarse fractions (> 20 flm) and in the
finer ones « 2 flm).
Soil nitrogen
In the continuous maize crop at Lamto, nitrogen stocks in the upper la cm
decreased significantly from 167 g m-2 to 116 and 132 g m-2 in the control
and in the inoculated treatments, respectively. The difference between treat-
ments at each date was not significant (Fig. 6.sa). In the 10-20 cm strata,
the decrease in nitrogen in 3 years was not significant across or between
treatments.
At Yurimaguas, no significant decrease of the total nitrogen content was
measured during the 3 years of cultivation in the crop rotation plot, the final
stocks of nitrogen were 117 and 126 g m-2, with and without earthworms
respectively (Fig. 6.sb). The increase of N content after land clearing at
Yurimaguas probably resulted from nitrogen inputs following burning and the
incorporation of ashes into the soil even if most of the N may volatilize.
Nitrogen tended to be higher in the inoculated treatments during the first
2 years of the experimentation, but it was significantly higher only when
measured after the frrst cropping period.
At La Mancha, nitrogen content decreased by 40% in the 0-10 cm depth
during 3 years and was less variable than carbon content between dates;
however, no difference between treatments was observed (Fig. 6.sc).
Nitrogen contents in the yam plot at Lamto did not decrease in either treat-
ments in the 0-10 and 10-20 cm strata. Final nitrogen content was 5%
higher when earthworms were introduced (0.05 < P < 0.1) in the 0-10 cm
layer but no differences were measured at deeper depths (10-20 cm) (Fig.
6.sd).
Following pasture establishment at St Anne, the nitrogen content
increased significantly during 30 months in the non-inoculated control. A
slight, but non-significant difference existed between the nitrogen content in
the two treatments at the beginning of the experiment (Fig. 6.se). Thirty
months after earthworm inoculation, the soil nitrogen content (0-40 cm) was
significantly higher than in the control (P < 0.05).
In most of the low external input cropping experiments, soil nitrogen con-
tents decreased with time and earthworms had no effect on the soil nitrogen
changes, except in the yam plot at Lamto and the crop rotation at Yurimaguas.
Lower fluctuations were generally observed for nitrogen than for carbon,
indicating a smaller heterogeneity in the spatial distribution of nitrogen, and
temporal availability following the burning of the primary vegetation and
establishment ofcrops.
186 C. Villenave et al.
(a) N stock in the maize plot of Lamto in the 0-10 and 10-20 cm strata
<f 0.2b0-10cm 'i'; 0.1t::::10-20cm
E 0.18 0.09
~ 0.16 '.. ..~. ~ 0.08 ..•.•.,... ", •i 0.14 ~ 0.08 ~
ëii 0.12 en 0.07
z 0.1 Z 0.05
0246 0246
Cropping cycles (3 years) Cropping cycles (3 years)
(b) N stock in the crop rotation at Yurimaguas in the first 10 cm
im~0.1
z
o 2 4 6
Cropping cycles (3 years)
.•..•.0-..•- f:W-
(c) N content in the maize plot at La Mancha, in the first 10 cm
1.5 0-10cm
1El 1.25
E
J!l
1::8 0.75
Z I---y----,,...----,
o 2 4 6
Cropping cycles (3 years)
~::~--~'* 0.5 .1.
8
z 0.4
o 1 2 3
Cropping cycles (3 years)
s·
1 2 3
Cropping cycles (3 years)
(d) N content ln the yam plot at Lamto, in the 0-10 and 10-20 cm strata
0.7 0-10cm~ 0.65
El
E 0.6 Ç!-"""'==,.....-i'i--~ .." "..'0' '2)
8 0.55 l ~
Z 0.5 +---.---,----,
o
(e) N content in the digitaria plot of St Anne, in the 0-20 and 20-40 cm strata
2 0-20 cm s· 20-40 cm, ~ 1.6 T
Cl 1.9
'Cl 1.5
'" 1.8 '"El El 1.4
E 1.7 ECIl
1.6 J!l 1.3E
0 1::
u 1.5 0 1.2uZ Z1.4 1.1
0 10 20 30 40 0 10 20 30 40
Tlme (months) Tlme (months)
Fig. 6.5. Changes in the soil organic nitrogen (stocks or contents) in the different
plots during 2 or 3 years of experimentation. Inoculated treatments are compared
with control: significant differences are indicated on the graphs (bars =standard
errors; s*, significant differences between treatments, P< 0.10; s, P< 0.05).
(Adapted from Gilot, 1994; Pashanasi et al., 1997; Blanchart et al., unpublished
data; Patron et al., unpublished data.)
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In the yam plot of Lamto, the potential anaerobic nitrogen mineralization
was increased by 36% in the inoculated plots (Tsakala, 1994) after the second
cropping period in April 1992 (Fig. 6.6), whereas the total nitrogen content of
the soil was not dilTerent between treatments. This increase was not related to
total soil nitrogen, suggesting that earthworm activities increase N availability
but not total N supply.
Phosphorus and exchangeable cation contents
At Lamto, analyses of phosphorus and cation contents were done with no
replicates. Available P (Olsen-Dabin method; Dabin, 1967) decreased mainly
in the yam plotofLamto (-53% in 3 years, mean between the two treatments).
Final P contents (Table 6.2) were slightly higher in inoculated treatment, at
Lamto (+19 and +21%, respectively, in the yam and the maize plot) and
Yurimaguas (+11%) (Gilot, 1994; Pashanasi et al., 1997).
At Lamto, except for Ca in the maize plot, treatment EW+, contents of
exchangeable K, Ca and Mg decreased during the 3 years of cropping by,
respectively, 15,22 and 25% in the yam plot and 50,0 and 30% in the maize
plot (mean between the two treatments) (Table 6.2). No great dilTerences
between treatments were observed in the yam plot; in the maize plot, the final
Ca and Mg were 12 and 15% higher, respectively, in the inoculated treatment
than in the non-inoculated control.
At Yurimaguas, exchangeable cation contents increased after the land
clearing (Pashanasi et al., 1997). ACter six cropping cycles, K content was
significantly higher in inoculated treatments (+114%), but Ca and Mg were
not.
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Fig. 6.6. Soil N mineralization in incubation experiments under laboratory
conditions from a yam plot (Lamto 0-10 cm) in mg of total minerai nitrogen/1 00 g
soil [before cultivation (1990); before the second (1991) and the third cropping
period (1992)]. Significant differences are indicated on the graph (t-test, P< 0.05).
EW-: without earthworms, EW+: with earthworm inoculation. (Adapted from
Tsakala, 1996.)
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Table 6.2. Available phosphorus and exchangeable K, Ca, Mg contents in the two
plots of Lamto and in the crop rotation at Yurimaguas.
Final date (3 years
of cropping)
Initial date EW- EW+
Olsen P (mg kg-1) Cropping sequence 13.3 9.0 10.0
(Yurimaguas)a
Yam (Lamto)b 10.30 4.42 5.29
Maize (Lamto) 8.32 8.21 9.95
K (mEq 100 g-l) Cropping sequence 0.70 0.70 1.50*
(Yurimaguas)
Yam (Lamto) 0.21 0.17 0.18
Maize (Lamto) 0.23 0.13 0.10
Ca (mEq 100 g-l) Cropping sequence 2.50 8.00 10.00
(Yurimaguas)
Yam (Lamto) 2.25 1.75 1.78
Maize (Lamto) 4.46 4.24 4.73
Mg (mEq 100 g-l) Cropping sequence 1.20 2.70 2.90
(Yurimaguas)
Yam (Lamto) 1.30 0.95 1.00
Maize (Lamto) 0.85 0.54 0.62
aYurimaguas: six replicates per treatment; bLamto: no replicates (composite
samples).
*Significant difference between EW- and EW+ at the final date (P < 0.05).
Discussion
The experiments were conducted in the humid tropics on different soils with
different plants and earthworm species. The main effects of the earthworm
activities on the SOM and nutrient dynamics on the investigated time scale will
be discussed considering the convergence of results between the different plots
(Table 6.3).
Carbon protection by earthworms activities
In laboratory experiments. Martin (1991) demonstrated that soil carbon was
protected from mineralization within the compact structure of casts of
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Table 6.3. Recapitulative table on the effects of earthworms on the SOM and
nutrient dynamics (0-10 cm).
La
Lamto Yurimaguas Mancha St Anne
Earthworm effect on Yam Maize Rotationa Maize Maize Pasture
(0-10 cm) (0-10 cm) (0-10 cm) (0-10 cm)
C stock or C content (+) 0 +/0 0 (0-20 cm)
under cultivation or +
pasture in the
superficial strata
C stock or C content (10-20 cm) (10-20 cm) (2D-40 cm)
in deeper strata 0 0 +
Incorporation of C o ifCRb (+)
from the crop to the exported (CR
C-soil + if CR left left)
C content in 0 - if CR (+)
fractions> 50 fJm exported
(plant debris) (-) if CR left
C content in the (+) 0 0 (+)
fractions < 50 fJm
(silt and c1ay-sized
fractions)
N stocks (+) 0 0 0 +
N availability +
Exchangeable (+) (+) +K
cations
P available (+) (+) (+)
+, the presence of earthworms induces an increase in the considered characteristic;
(+), trend towards a positive effect; -, the presence of earthworms induces a
decrease in the considered characteristic; +/0, effect in the first period of the experi-
ment; 0, no effect of the presence of earthworms.
M. anomala produced under laboratory conditions. The carbon mineralized
from incubated casts was almost 3.7 times less in the casts (3% year-1) than
that from non-ingested soil (11% year-1). This experiment, which suggested a
positive efTect of earthworm activities on the sequestration of soil carbon,
was not confirmed completely in subsequent field experiments. In most
experiments (maize, Lamto; maize, La Mancha; crop rotation and continuous
maize, Yurimaguas), earthworm activities did not reduce the decrease of SOM
stocks during cultivation after land clearing. Evidence for SOM protection by
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earthworms was only shown in the yam plot in the top layer (0-10 cm). In
St Anne pasture, a more rapid reconstitution of the carbon stock to a depth of
40 cm was associated with earthworm activities (Table 6.3).
Soil physical properties, particularly soil structure, largely determine the
degree to which earthworm activities impact upon soil characteristics. Those
soils which were in the greatest stage ofdegradation benefited from earthworm
activities. This was the case in Martinique, where continuous cultivation
had resulted in poor soil structure (Albrecht et aL, 1992), and in the yam
cultivation treatments at Lamto. In this last plot, the soil was modified prior to
the plot installation by the breakdown of the soil aggregation (sieving prior to
the introduction ofearthworms).
Other experiments were established in non-degraded ecosystems where
earthworms were naturally abundant (Lavelle, 1978; Lavelle and Pashanasi,
1989). Native earthworms were killed by chemical or physical methods, before
the beginning of the experiments, but the physical conditioning of soils result-
ing from former macrofauna activities was still effective.
In degraded soils with a poor physical structure, earthworm activity
may enhance the protection of carbon that would have been mineralized if it
was not protected in macro-aggregates produced by earthworms. From the
results obtained, we hypothesize that the positive effect of earthworms on SOM
conservation via soil aggregation does not require the constant presence of
active earthworm populations. Rotations that include every 3 or 4 years of
cultivation, at least, 2 years of a grass fallow to stimulate earthworm activities
may be sufficient to maintain macro-aggregation in the long term. Further-
more, earthworms (P. elongata, for example) serve to better incorporate surface
litter into the soil, as was the case in the pasture at St Anne.
Currently, complementary information on the effect of earthworms on
carbon dynamics for longer periods can only be derived from modelling. In the
absence of long-term experiments, the effects of earthworms over 10-100
years on SOM were simulated in the natural savanna of Lamto using the
CENTURY model (Parton et al., 1987). When suppression of physical protection
of C in earthworm casts was simulated, the model indicated that SOM
decreased by 10% in 30 years, the largest proportion being lost in the slow
pool. This suggests that the slow pool of soil carbon may be considerably
afIected by the activity of earthworms. The slow pool of CENTURY is recoverable
through particle size separation, and correlates with the particulate organic
matter described by Carbardella and Elliott (1993) and Gavinelli et al. (1995)
which is often embedded within stable soil aggregates,
In another modelling exercise simulation with CENTURY, earthworm activ-
ities were simulated through incorporation of litter below surface casts and
gentle tillage due to bioturbation (Lierman, 1996). The simulation of earth-
worm presence resulted in a decrease in soil organic C during the first 3 years
of cultivation after deforestation at Yurimaguas (Fig. 6.7). In the longer term
(30 years), the trend was reversed since Caccumulated in the slow and passive
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Data available for the other nutrients are too scarce to discriminate the
efTect of earthworms, but trends suggested increased availability of several
cations and Pin earthworm-inoculated soils after 3 years.
How do earthworms affect SOM?
In plots in which the C content of the sand fractions was high (continuous
maize at Lamto and Yurimaguas), the main efTect of the presence of earth-
worms was on the changes in the distribution of C among particle size
fractions, with a greater decrease of the C contained in these fractions
(> 50 /lm and especially > 200 /lm). Moreover, the C content of the silt and
clay fractions was greater in treatments with earthworms than without earth-
worms. In the yam plot, the carbon in the sand fractions was not abundant
and did not decrease more with earthworms than without earthworms;
however, a slight increase in the carbon content of the fraction < 20 /lm was
observed. In the pasture plots ofSt Anne, the carbon content of aH the fractions
(except 2-20 /lffi) was slightly increased in inoculated treatments.
In annual cropping systems. carbon ofthe sand fractions (> 50 /lm) seems
to be ingested preferentially by earthworms and partly comminuted, the non-
digested part being accumulated in fractions offiner « 20 Ilm) size. Parmelee
et al. (1990) showed in the field that lumbricidswere responsible for the break-
down of coarse OM in temperate agrosystems.
These trends observed at the field level are consistent with laboratory
studies: the proportion of organic matter associated with coarse fractions
sharply decreased in casts of M. anomala while that of the finest fractions
tended to increase (Martin, 1991). Endogeic earthworms are able to assimilate
SOM from aH the particle size fractions (Martin et al.. 1992), but the yield
efficiency difTers depending on the quality of the organic matter ingested. In
fact, fresh plant materials are the most energetic resources for M. anomala and
P. corethrurus (Zaidi. 1985; Spain, et al., 1990; Martin and LaveHe, 1992)
which prefer fresh rather than humified organic matter.
Fresh organic materials on the soil surface were not utilized efficiently by
earthworms because only 10% ofthe measured carbon input was incorporated
into the soil organic matter. However, in the Lamto experiment, the proportion
of the carbon originating from the crop (roots + aerial parts) in the total soil
carbon was slightly higher in inoculated treatments when the crop residues
were left in the field (Table 6.3). The 20% increase of incorporated crop C to
soil C at first suggests that earthworms forage for these materials and that
the digestability ofcrop residues is relatively low, or that plant debris enters the
soil independently of earthworm foraging. It did not result from a higher
carbon input in the soil in this plot. At Yurimaguas, simultaneous higher
carbon input into the soil (higher root production), better incorporation
and lower mineralization in inoculated treatments accounts for the 40%
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increase in incorporation of fresh organic matter into SOM in the presence of
earthworms.
The endogeic earthworms examined during these experiments (M.
anomala and P. corethrurus) are not able to forage efficiently for surface Htter.
The incorporation of crop residues in the soil. whether indirectly by the efTects
of gravity and rainfall or through the activity of soil organisms, is of major
importance for an efficient recycling of these resources by geophagous
earthworms.
Carbon costs of earthworm activities
The activity of earthworms is highly dependent on the presence of a source of
carbon. When earthworms are introduced into an agroecosystem, they rely
upon soil carbon and subsequent organic inputs for their activities. When
carbon resources are not sufficiently abundant, earthworm activity is reduced.
This has been observed in the continuous maize cultivation at Lamto (Gilot,
1994). But what level of carbon input is necessary to maintain an earthworm
population above a critical threshold of about 40 g fresh wt m-2, beyond which
plant growth may be significantly increased (see Chapter 6)?
The discrete steps of substrate ingestion, assimilation and productivity are
presented in Fig. 6.8 allowing for a Cbudget to be calculated. The data used to
estimate the difIerent parameters have been measured by Lavelle (1977,
1978) for populations of M. anomala at Lamto. No budget was established for
other tropical earthworm species; however, M. anomala is thought to be a low
efficiency species.
Figure 6.9 estimates the amount of assimilable carbon needed to feed
a certain biomass of earthworms. Earthworm fresh weights are converted
to grams of carbon using the factor 0.032 (Lavelle. 1978). For a biomass of
40 g fresh wt m-2 of earthworms (~1.28 g C), 58.9 g C m-2 (Le. 1300 kg
dry matter ha-1 year-1 organic matter with 45% C) are used by the earthworm
population. This represents. for example, 4% of the soil carbon in the Lamto
maize experiment after 3 years of cropping (or -20% of the coarse fractions:
> 200 !lm). In the Lamto continuous maize experiment and in the
Yurimaguas crop rotation plot, the mulch left on the soil surface plus the
root biomass represented 55-340 g C m-2 and 113-320 g C m-2, respectively,
depending on the cropping period. This quantity of carbon added to the
A=O.091
Ingestion (1)~ Assimilation (A)
Respiration
P=25A
",.
,
Defaecation
Production (P)
B= 1.84 P
~ Biomass + (B)
reproduction
Fig. 6.8. Energy budget of an earthworm population [calculated for Mi/lsonia
anomala at Lamto (Ivory Coast). Lavelie, 1978].
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Millsonia anomala and the assimilable carbon needed for its nutrition.
agroecosystem was sufficient ta feed the earthworms when it was incorporated
into the sail.
However, carbon sources other than crop residues must be considered.
The effect of different organic materials (sawdust, coffee pulp, etc.) on earth-
worm activities has been tested (Senapati et al., Chapter 7). They found that
organic materials with very high C/N ratio and high lignin content could be
consumed by geophagous earthworms resulting in sustained population size.
These materials, usually considered as waste, may be used in agroecosystems
to feed the earthworms which will digest these resources, using sorne of the
carbon for their production, and incorporate the main part ofthis carbon and
its nutrients into the SOM.
Conclusions
The inoculation of earthworms in degraded soils at St Anne accelerated the
process of restoration of soil organic matter stocks by a pasture. In annual
cropping systems, planted in cleared natural forest soil, earthworms did not
efficiently prevent SOM stocks from being depleted during cultivatian. It is
hypothesized that the initial macro-aggregate soil structure (forest sail with
high biological activity) was conserved during the course of the experiment
and no positive effects of the earthworm activity due to changes in aggregation
could be observed.
Moreover, annual cropping systems were not favourable for the establish-
ment of earthworm populations. Management of earthworms may only be
possible when sufficient carbon (quantity and quality) is available ta fced
them. This is the case, for example, when grass is cultivated, since pastures
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have a high root production during a large part of the year. and a significant
part of above-ground production is returned ta the soil as dung. However,
annual cropping systems may also be appropriate when crop residues are left
in the agroecosystem and incorporated into the sail (mechanically or by other
sail organisms). When fresh or Httle decomposed organic matter is present in
the sail, earthworms feed preferentially on this resource and accelerate its
decomposition. As they ingest these residues. nutrients are released and made
available to the plants (Gilot-Villenave et al.. 1996).
Efficient earthworm activity in low external input cropping systems of
annual plants may only be obtained with simultaneous management of crop
residues or other carbon sources. However. the use ofearthworms seems more
promising for the restoration of degraded soil: the inoculation by earthworms
of short grass fallow (3-4 years) may allow a more rapid reconstitution of
the SOM stock and ameliorate the sail structure thanks to a high earthworm
activity due to the huge carbon input to the soil via the roots.
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